Introduction
Multiple regulators of hematopoietic stem-cell (HSC) function are degraded by the proteasome, including HoxA9, Gfi-1, MEF/ELF4, c-kit receptor, STAT3, ␤-catenin, and p21 Cip1 . [1] [2] [3] [4] [5] [6] [7] Notch1, another HSC regulator, modulates ubiquitination. 2, 8 Together, these findings suggest ubiquitin-mediated proteolysis regulates normal HSC function. Since this hypothesis has not been formally tested, we used bone marrow transplantation assays to determine in vivo whether Cul4A, which mediates ubiquitination, is required for HSC function.
Ubiquitin ligases control which proteins are degraded by the proteasome. 9 They contain one or more subunits, and all contain either a HECT or a RING protein motif. Cullin-RING ubiquitin ligases, the largest known class, contain a cullin subunit with 7 known in mammals. Previous studies by our group and others showed that the Cul4A cullin ubiquitin ligase regulates proliferation and differentiation in maturing myeloid 10, 11 and erythroid cells. 12 Cul4A is required for normal development, since Cul4A Ϫ/Ϫ mouse embryos die in utero. 13 Cul4A ϩ/Ϫ mice are viable, expressing half the wild-type level of Cul4A. Yet, they have fewer erythroid and multipotential myeloid progenitors (greater than 5-fold and 3-fold fewer, respectively) and fewer spleen colonyforming units in vivo, indicating that Cul4A is required for progenitor homeostasis. 10, 12 Therefore, given the requirement of Cul4A for normal hematopoiesis in progenitors and during terminal differentiation, we evaluated whether Cul4A ϩ/Ϫ HSC function is altered using bone marrow transplantation assays.
Materials and methods
All animal procedures were approved by the IUSM IACUC. Mice were generated as described. 13, 14 Immunoblots, competitive repopulations, serial transplantations, and limiting-dilution competitive repopulating unit (CRU) assays were conducted as described. [12] [13] [14] [15] Student t test was used for statistical analyses.
Results and discussion
Insufficient Sca-1 ϩ c-Kit ϩ Lin Ϫ cells, a phenotypically defined HSC population, were obtained to detect Cul4A protein, but from Lin Ϫ cells, a population enriched for HSCs, Cul4A in Cul4A ϩ/Ϫ cells was one half that in controls ( Figure 1A) . However, the frequency of Sca-1 ϩ c-Kit ϩ Lin Ϫ cells among bone marrow low-density mononuclear cells (LDMNCs) from Cul4A ϩ/Ϫ was the same as wild type (0.26% Ϯ 0.03% and 0.28% Ϯ 0.05%, respectively). Therefore, equal numbers of Cul4A ϩ/Ϫ and wild-type bone marrow LDMNCs were compared in competitive repopulation assays.
The ability of Cul4A ϩ/Ϫ and wild-type bone marrow LDMNCs to engraft lethally irradiated recipients was evaluated initially. For Cul4A ϩ/Ϫ or wild-type donors, 5 ϫ 10 5 or 1.7 ϫ 10 5 "test cells" (CD45.2 ϩ ) were mixed with 5 ϫ 10 5 wild-type competitors (CD45.1 ϩ , a 1:1 or 1/3:1 ratio, respectively) and transplanted into wild-type recipients (CD45.1 ϩ ). Engraftment into myeloid and lymphoid lineages 1 to 6 months after transplantation was measured. The percentage donor chimerism of Cul4A ϩ/Ϫ test cells overall ( Figure 1B ) and for each lineage ( Figure 1C ) was not statistically different from the wild type. However, the average engraftment of the Cul4A ϩ/Ϫ test cells overall and for each lineage was consistently lower, especially when one third as many test cells were transplanted ( Figure 1D-E) .
These small but consistent differences suggested Cul4A ϩ/Ϫ stem cells might exhibit an engraftment defect under conditions of The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked ''advertisement'' in accordance with 18 USC section 1734.
greater hematopoietic stress. To test this hypothesis, a limitingdilution CRU assay was conducted. A range of test cell doses of either Cul4A ϩ/Ϫ or wild-type donor cells was transplanted with competitors to calculate a CRU frequency 6 months after transplantation. Frequencies of 1 in 15 000 cells for wild type (consistent with published findings 15 ) and 1 in 131 000 cells for Cul4A ϩ/Ϫ were determined ( Figure 1F ). Therefore, the ability of Cul4A ϩ/Ϫ HSCs to engraft under conditions of hematopoietic stress is 9-fold lower than that of wild-type cells. These studies illustrate the power of the CRU assay: (1) a limiting dilution enables quantification, (2) long-term repopulation in vivo provides the only universally accepted assay for HSCs, and (3) repopulation with competitors creates hematopoietic stress, making this assay particularly sensitive.
To determine the effect of Cul4A haploinsufficiency on HSC self-renewal, secondary transplantations were conducted. Primary transplant recipients of Cul4A ϩ/Ϫ test cells and wild-type controls with similar percentage donor chimerism 6 months after transplantation ( Figure 1B) were selected as donors. At 2 to 6 months after transplantation, the overall percentage donor chimerism of Cul4A ϩ/Ϫ cells derived from the 1:1 test cell group was significantly lower than that for wild-type cells (Figure 2A , P Յ .02). Also, the percentage donor chimerism of Cul4A ϩ/Ϫ myeloid and lymphoid cells was significantly lower 5 months after transplantation, consistent with an HSC self-renewal defect ( Figure 2B , 0.002 Յ P Ͻ .05).
Furthermore, in tertiary transplantations the overall percentage donor chimerism of wild-type test cells was 84% to 89% 2 to 6 months after transplantation, but engraftment for Cul4A ϩ/Ϫ cells was only 50% to 61% ( Figure 2C , P Ͻ .006). Similar differences were observed for myeloid and lymphoid lineages ( Figure 2D ), further demonstrating that Cul4A ϩ/Ϫ HSCs exhibit a self-renewal defect.
In addition, when primary recipients that received fewer test cells were donors for secondary transplantations, the overall percentage donor chimerism for the secondary recipients of Cul4A ϩ/Ϫ test cells was 4-to 5-fold lower than that for wild-type cells ( Figure 2E , P Յ .007). Further, the percentage donorderived lineage-positive cells was 3-to 4-fold lower in recipients of transplanted Cul4A ϩ/Ϫ test cells ( Figure 2F , 0.0005 Յ P Յ .02). Therefore, Cul4A ϩ/Ϫ HSCs in secondary For personal use only. on July 24, 2017. by guest www.bloodjournal.org From transplant recipients exhibited an even greater reduction of percentage donor chimerism when primary transplant recipients received fewer test cells.
Overall, CRU and serial transplantation assays demonstrate that Cul4A ϩ/Ϫ HSCs have defects in both engraftment and self-renewal and indicate that Cul4A is required for normal HSC function. Also, because test donor cells were transplanted into wild-type recipients, these findings support a Cul4A ϩ/Ϫ hematopoietic cell-autonomous, microenvironment-independent mechanism. Combined with earlier findings, these results indicate that Cul4A is required for the normal function of HSCs, progenitors, and precursors, and for terminal differentiation. [10] [11] [12] These findings suggest a Cul4A ubiquitin ligase targets a regulator of HSC function for degradation. Cul4A haploinsufficiency would cause overexpression of this protein, which apparently negatively modulates HSC function. Of the known HSC regulators targeted by ubiquitination, most appear to promote HSC function. [1] [2] [3] [4] [5] [6] [7] However, some reports suggest p21 Cip1 and p27 Kip1 can inhibit function. Although p21 Cip1 -deficient mice exhibited a self-renewal defect, down-regulating p21 Cip1 in human HSCs enhanced engraftment. 2, 16 Whereas analyses of p27 Kip1 -deficient mice indicate this gene regulates progenitors, mice deficient in both p27 Kip1 and MAD1 exhibited enhanced stem-cell function, 2, 17 suggesting that under some conditions p27 Kip negatively regulates HSC function. Of these 2, p27 Kip1 is known to be targeted for degradation by a Cul4A-ubiquitin ligase in erythroblasts 12 and in nonhematopoietic cells, 18 so p27 Kip1 overexpression in Cul4A-haploinsufficient stem cells might impair engraftment and self-renewal. A Cul4A-ubiquitin ligase targets HoxA9 for degradation in myeloid cells, but in HSCs HoxA9 promotes function. 11, 19 None of the other Cul4A targets identified so far has known HSC regulatory functions. Nevertheless, since Cul4A-mediated regulation occurs at the protein level, direct identification of the Cul4A-ubiquitin ligase target(s) important for HSC function requires measuring protein expression levels in HSCs-technically challenging but important to understand how ubiquitin-mediated proteolysis regulates HSC function.
Bortezomib (PS-341) is the first proteasome inhibitor to enter clinical trials with cancer patients, initially those with advanced relapsed and/or refractory multiple myeloma (MM). 20, 21 Although bortezomib offers great promise as a treatment for MM, side effects include thrombocytopenia (40%), anemia (21%), and neutropenia (19%), suggesting adverse effects on normal hematopoiesis and possibly HSCs. Since bortezomib alters the expression of many proteins degraded by the proteasome, a greater understanding of ubiquitin ligases and their substrates could aid the refinement of therapies to target specific subsets of proteins, thereby reducing toxicity, improving efficacy, and ultimately improving therapies against MM and other cancers. Figure 1C . *P Ͻ .007. The difference between Cul4A ϩ/Ϫ and control engraftment into the T-cell lineage was not quite significant (P ϭ .054). However, the difference in engraftment into this lineage is clearly statistically significant when fewer cells were transplanted (F). (E) Secondary transplantation with donors from the 1/3:1 primary transplantation. For the primary transplantation with a 1/3:1 ratio of test to competitor cells, 2 recipients of Cul4A ϩ/Ϫ test cells and, for each, a wild-type control with similar percentage donor chimerism were used as donors in secondary transplantations. For each donor, 10 6 bone marrow LDMNCs were transplanted into 3 to 4 recipients, and overall percentage donor chimerism was measured 1 to 6 months after transplantation for Cul4A ϩ/Ϫ (f) and wild-type (Ⅺ) test cells as described in Figure 1B For personal use only. on July 24, 2017. by guest www.bloodjournal.org From
